Introduction
Cancer comprises one quarter of all deaths in the United States; however, cancer mortality rates are declining, due largely to improvements in screening and detection. Diagnosis of early stage cancer is strongly associated with better survival (1) (2) (3) (4) . Thus, it is crucial to understand the molecular events that occur early in this progressive disease. Cell transformation is the initiating step of cancer progression (5) . During this process, a cell must bypass senescence and avoid apoptosis, allowing for uncontrolled proliferation, which leads to formation of a primary tumor (6) . The hyperproliferative, antiapoptotic phenotypes that arise during transformation are conferred by mutations that upregulate proto-oncogene activity and ablate tumor suppressor gene function (7) . The classical model of cell transformation identified the cooperation between the Ras and Myc oncogenes in selecting for a dominant-negative p53 tumor suppressor mutation and transforming primary rodent cells (8) . Numerous transforming oncogenes and tumor suppressor mutations have been identified since these landmark studies (9) , demonstrating the complexity of cancer initiation.
Recently, non-coding RNAs have garnered interest as mediators of cancer progression (10) (11) (12) . MicroRNAs (miRNAs) are frequently dysregulated in cancer, and by repressing expression of oncogenes or tumor suppressors, a miRNA may function as a tumor suppressor or oncogene, respectively (10, 12, 13) . Among miRNAs dysregulated in cancer is miR-200a: gene expression profiling reports that miR200a is frequently downregulated in cancer (14) (15) (16) . Its most wellstudied function is the suppression of Zeb1/2 transcription factors to inhibit the epithelial-to-mesenchymal transition (EMT), implicating it as a tumor suppressor (17) (18) (19) . However, miR-200a has also been found to promote oncogenesis by promoting the reversal of EMT, the mesenchymal-to-epithelial transition, allowing invasive cells to revert back to a phenotype more conducive to metastatic colonization (20) (21) (22) (23) . In addition to its involvement in EMT/mesenchymal-toepithelial transition, studies have shown a hyperproliferative role for miR-200a through suppression of Fog2, a PI3K inhibitor (24, 25) , and a recent study demonstrates the antiapoptotic function of miR-200a in directly repressing p53 (26) . Consistent with its earliest known role as an inhibitor of EMT, miR-200a has been found to be downregulated in breast cancer tissues (27) . In addition, miR-200a and its family members are differentially modulated in distinct breast cancer phenotypes (28) . The miR-200 family is primarily upregulated in luminal and basal breast cancers, but not malignant myoepithelioma of the breast, which has a more mesenchymal phenotype (29) . miR-200a is significantly upregulated in lymph node-positive breast tumors compared to node-negative tumors (30) and in distant metastases compared to primary tumors (31) . In this study, we determine the effect of miR-200a overexpression on transformation of both rodent cells and immortalized human MCF10a cells and characterize the underlying mechanism of the ability of miR-200a to cooperate with Ras to transform MCF10a cells.
Materials and methods
Cell culture RK3E cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum and antibiotics at 37°C with 5% CO 2 . MCF10A cells were cultured in Dulbecco's modified Eagle's medium/F12 (Invitrogen) supplemented with 5% horse serum, 20 ng/ ml epidermal growth factor, 0.5 mg/ml hydrocortisone, 100 ng/ml cholera toxin, 10 µg/ml insulin and antibiotics. MCF7 cells were cultured in Eagle's minimum essential medium supplemented with 10% fetal bovine serum, 10 µg/ml insulin and antibiotics. All three cell lines were obtained directly from ATCC (Manassas, VA) and were passaged in our laboratory for fewer than 6 months after resuscitation.
miRNA screen RK3E cells were transfected using Lipofectamine LTX/Plus (Invitrogen) reagent according to manufacturer instructions with individual miRNAs from our miRNA library comprised of 366 human miRNA minigenes in the lentiviral PSIF vector (32) . After 48 h, wells were visually inspected for three dimensional foci formation.
Viral transduction
Lentiviral transduction was performed as described previously (33) , using parental miRNA vector pSIF and packaging and expression vectors pVGV-S and pFIV-34N, respectively. Transduction was carried out three separate times and selection was performed using G418 (200 µg/ml) for five passages. miR-200a expression levels were measured by Taq-Man qRT-PCR expression assay (Invitrogen), ranged from a 5-to 15-fold increase (data not shown). For retrovirus production, retroviral vectors containing constitutively active Ras G12V mutant (Addgene 1768), c-Myc (Myc from Addgene plasmid 16011 cloned into plasmid 12269), p53dd (Addgene 9058) or RasG12V effector pathway mutants (Addgene 12274, 12275, 12276) (34) were used.
Acini formation in Matrigel
A total of 5000 positively drug-selected exponentially growing MCF10A cells suspended in 2% Matrigel (Corning, Tewksbury, MA) were layered over a bottom layer of Matrigel in 12-well chamber slides and allowed to grow 5 or 14 days (35) . Acini were stained with anti-E-cadherin or cleaved caspase-3 primary antibodies (Cell Signaling, Danvers, MA) and Alexa488-coupled goat anti-rabbit secondary antibodies. Slides were visualized with Olympus FV100 confocal microscope and FluoView software (Olympus, Center Valley, PA).
Abbreviations: EMT, epithelial-to-mesenchymal transition; MEF, mouse embryonic fibroblast; miRNA, microRNA.
miR-200a enhances Ras-mediated cell transformation
Colony formation assay Six well plates were coated with a bottom layer of 0.5% noble agar (SigmaAldrich, St Louis, MO) and 2000 MCF10A cells were suspended in triplicate in a top layer of 0.2% noble agar for 2 weeks. Colonies were stained with 0.05% crystal violet, counted and imaged using a dissection microscope coupled to a digital microscope camera (Celestron, Torrance, CA).
Cell cycle and apoptosis analysis
For synchronization, MCF10A cells were progressively deprived of serum and growth factors over 24 h, then stimulated with complete media for 18 h. Cells were stained with propidium iodide, and flow cytometry was performed with a FACS LSRII Flow Cytometer as described previously (33) . A minimum of 10 000 cells per sample were collected and the FACS files were analyzed using FlowJo (Tree Star, Ashland, OR) (28) . For apoptosis, cells were challenged with 0.5 µM doxorubicin for 24 h to induce apoptotic signaling, stained with Annexin V and propidium iodide using Annexin V FITC Apoptosis Detection Kit (eBioscience, San Diego, CA) and analyzed by flow cytometry with a FACS LSRII and FlowJo software.
Cell migration
Cell migration was assayed as described previously using Transwell chambers (Invitrogen), with a pore size of 8 µm (33). Slides containing migrated cells were imaged as in colony formation assay.
Western blot
Western blot was performed as described previously using phospho-p53, p53, PTEN, phospho-Akt, Akt, phospho-Erk, Erk, Vimentin or E-cadherin antibody (Cell Signaling), Fog2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) or β-actin antibody (Sigma-Aldrich) (33, 36) . Blots were visualized with the SuperSignal West Dura Chemiluminescent Substrate (Thermo Fisher). See Supplemental Material for blotting images.
Mice

Athymic male nude (Foxn1
nu ) mice (6 weeks old) were purchased from The Jackson Laboratory (Bar Harbor, ME) and maintained in the University of Louisville's AAALAC-accredited animal facility. All animal studies were conducted in accordance with National Institutes of Health animal use guidelines and a protocol approved by the University of Louisville's Institutional Animal Care and Use Committee. Exponentially growing cells were injected subcutaneously into nude mice. Mice were injected in each flank with MCF10A cells stably overexpressing a Ras effector mutant alone in one flank and MCF10A cells stably overexpressing the same Ras effector mutant in combination with miR-200a in the other flank. Side of injection was randomized. Tumor size was monitored once per week for 10 weeks before sacrificing. Tumors were harvested and immediately formalin fixed. Tumors were embedded in paraffin, and tissue sections were stained with hematoxylin and eosin.
Statistical analysis
Colony formation data were analyzed by multivariate analysis of variance with T-tests post hoc to look for individual effects with standard errors corrected for multiple comparisons. Cell proliferation data were analyzed by linear regression modeling with T-tests post hoc to determine individual effects using standard errors corrected for multiple comparisons. Cell cycle distribution was analyzed by generalized linear models comparing G 1 to combined S/G 2 phases with binomial response variables and parameters estimated by maximum likelihood. Log odds ratios were further analyzed by T-tests post hoc to evaluate individual effects using standard errors corrected for multiple comparisons.
Results
miR-200a transforms rat immortalized epithelial cells
The RK3E cell line is an E1A-immortalized rat kidney epithelial cell line, whose defining characteristic is monolayer growth under normal conditions and foci formation under transforming conditions such as Ras activation or Myc overexpression (37) (38) (39) . In order to determine the role of miRNAs in cell transformation, RK3E cells were transiently transfected with individual miRNAs from our library of 366 miRNA gene constructs (32) and visually screened for foci formation ( Figure 1A) . A plasmid expressing c-Myc was used as a positive control (40) . Of the 366 miRNAs screened, miR-141 and let-7e formed about the same number of foci as c-Myc, and miR-200a formed more foci than c-Myc. We stably infected RK3E cells with lentivirus made from each of these three miRNAs or vector control and assayed them for anchorage-independent growth in soft agar. All three miRNAs induced colony formation in soft agar ( Figure 1B) . In order to determine tumorigenicity of these miRNAs, RK3E cells stably expressing each of these miRNAs were subcutaneously injected into nude mice. Cells expressing miR-141 or miR-200a formed subcutaneous tumors ( Figure 1C ), but let-7e-expressing cells did not produce tumors (data not shown). As both miR-200a and miR-141 are miR-200a family members with identical seed sequences, miR-200a was chosen to be analyzed further.
To determine potential mechanisms underlying cell transformation, we analyzed the expression of markers of epithelial and mesenchymal phenotypes as well as miR-200a target genes (24, (41) (42) (43) . Consistent with the literature, western blot analyses showed that in RK3E cells expressing miR-200a, the epithelial marker, E-cadherin, was upregulated, and the mesenchymal marker, Vimentin, was downregulated compared to vector control ( Figure 1D ). Furthermore, expression of two mir-200a targets that negatively regulate the PI3K/Akt pathway, Fog2 and Pten, was downregulated, concomitant with an increase in Akt phosphorylation ( Figure 1D ). We examined E-cadherin and vimentin ratios in RK3E tumors and found that, consistent with western blot results, tumors formed by RK3E cells overexpressing miR-200a expressed high levels of E-cadherin while vimentin was undetectable ( Figure 1E ).
To determine whether miR-200a acts as a driving force in cell transformation, we employed the classical two-hit model of primary rodent cell transformation by combining miR-200a with Ras, c-Myc or p53 dominant negative (p53dd) in mouse embryonic fibroblasts (MEFs). The Ras construct harbors a G12V mutation, rendering it constitutively active. p53dd is a truncated form of the carboxy terminus of the p53 protein that binds wild-type p53, resulting in a dominant-negative repression of native p53 function (44) . miR-200a overexpression in MEFs induced an initial increase in proliferation; however, miR200a expression alone, or in combination with either Ras or c-Myc, was unable to transform MEFs (data not shown). p53dd is known to immortalize MEFs, however miR-200a was unable to cooperate with this tumor suppressor mutation to transform these cells. As a positive control, Ras and Myc coexpression was able to transform primary MEFs. These results implicate that other genetic alterations in RK3E cells, but not in primary MEFs, may be involved in miR-200a-mediated cell transformation.
miR-200a augments Ras transformation of immortalized human mammary epithelial cells
In order to determine the role of the proliferative effects of miR200a in human cells, we chose MCF10A cells, an immortalized yet untransformed mammary epithelial cell line isolated from a patient with fibrocystic disease (45) . This cell line is readily transformed by overexpression of Ras or Myc, and normal morphology in three dimensional cell culture is disrupted by loss of p53 signaling (46) (47) (48) . Consistent with our efforts to determine oncogene cooperativity, we stably infected this cell line with miR-200a alone, or in combination with Ras, c-Myc or p53dd. To test for transformation, cells were assayed for anchorage-independent growth in soft agar (Figure 2A Figure 2D ). miR-200a alone or in combination with Ras significantly increased rate of proliferation compared to vector control; however, miR-200a combined with Ras did not significantly increase the proliferation rate compared to miR-200a alone. Ras alone showed the greatest increase in proliferation rate. This indicates that stimulation of proliferation is not responsible for the interactive effect between Ras and miR-200a, and that Ras is unable to enhance the proliferative function of miR-200a. It is also possible that miR-200a may be capping the growth rate increase induced by Ras. This is consistent with the smaller colony size observed in We next examined these cells for changes in migratory ability, a cancer hallmark, and a phenotype regulated by miR-200a and its family members. miR-200a decreased transwell cell migration of MCF10A cells compared to vector control ( Figure 2E ). Ras alone greatly increased cell migration above vector control. Cells expressing Ras in combination with miR-200a showed decreased migration compared to Ras alone; however, these cells formed dense, three dimensional colonies before and after migrating. Inhibition of cell migration is consistent with miR-200a's established function in regulation of EMT (18, 43) .
When seeded in Matrigel, MCF10A cells form polarized acinar structures with distinct hollow lumen, which resemble normal breast tissue development (48) (Figure 2G ). To gain insight into the potential effects of miR-200a cooperating with Ras on cell growth and morphology in the context of acinar formation, we seeded cells in Matrigel and analyzed three dimensional acinus formation by confocal microscopy ( Figure 2H ). Acini were examined for changes in three characteristics: morphology, E-cadherin expression and cleaved caspase-3 expression. Acini were stained for E-cadherin to facilitate inspection of morphological and structural changes, as well as changes in E-cadherin expression and subcellular localization ( Figure 2H , upper panels). Cells with vector control formed regular spherical structures with hollow lumen. Cells expressing miR-200a alone formed regular spherical structures, with and without regular lumen clearance. Cells expressing Ras alone formed very large, lobular three dimensional structures with loosely packed cells and partial lumen clearance, which resembles a tumor and is consistent with studies using this three dimensional culture model (47) . Cells expressing miR-200a in combination with Ras formed large, densely packed, slightly irregular spherical structures with no lumen clearance. This hyperproliferative densely populated structure with only minor disruptions in overall structural shape resembles a non-invasive adenoma or carcinoma in situ ( Figure 6 ). Notably, in acini expressing Ras alone, or Ras with miR-200a, E-cadherin was localized diffusely in the cytoplasm, rather than at the plasma membrane. This is consistent with studies showing disruption of normal adherent junctions in transformed cells, and sequestering of E-cadherin away from the plasma membrane in the cytoplasm (49-51). In order to determine whether the cause of the loss of lumen clearance in response to miR-200a expression was due to inhibition of apoptosis, we examined levels of cleaved caspase-3 in Matrigelseeded MCF10A cells allowed to grow for 5 days, at which point normal acini begin to undergo luminal clearance by apoptosis ( Figure 2H , lower panels) (35) . Acini containing vector or miR200a expressed high levels of cleaved caspase-3 and showed normal lumen clearance. Acini expressing Ras alone expressed lower levels of cleaved caspase-3. Acini structures expressing Ras in combination with miR-200a showed no lumen clearance and little to no cleaved caspase-3. Taken together, these results indicate that miR-200a alone increases proliferation without decreasing apoptosis; however, miR200a synergizes with Ras to both increase proliferation, and, more notably, to inhibit apoptosis as evidenced by the dramatic reduction of cleaved caspase-3 compared to Ras alone. While Ras suppresses the apoptotic response and miR-200a represses p53, their individual inabilities to inhibit apoptosis are striking, particularly when juxtaposed to doxorubicin-induced cell apoptosis, which is inhibited by Ras and mir-200a individually ( Figure 2D ). This indicates that the apoptotic signaling during lumen clearance in acinus formation can overcome repression of miR-200a or Ras alone. The combination of these two signaling pathways-miR-200a suppression of p53 and stimulation of Akt and Ras suppression of apoptotic signaling and stimulation of cell cycle progression pathways-synergizes to produce the phenotypic effect of decreased apoptosis in MCF10A cells. To further examine the effects of miR-200a on apoptosis, we knocked down miR-200a levels in doxorubicin-challenged MCF7 cells ( Figure 2I ), which express high levels of miR-200a (52) . Knockdown of miR-200a significantly inhibits doxorubicin-induced apoptosis in MCF7 cells, corroborating the results seen in the MCF10A cells ( Figure 2D ).
miR-200a cooperates with the RalGEF Ras effector pathway
Ras activity results in the activation of a wide array of downstream signaling pathways; however, the three main effectors activated by Ras are Raf, PI3K and RalGEF (53) . We made use of three Ras mutants to determine the mechanism of miR-200a and Ras cooperation in cell transformation. The T35S mutation activates only the Raf-Erk effector pathway; the Y40C point mutation activates only the PI3K effector pathway, and the E37G point mutation activates only the RalGEF effector pathway ( Figure 3A) . We expressed miR-200a with each of these individual effector pathway mutations and assayed them for anchorage-independent growth in soft agar ( Figure 3B and 3C ). Compared to T35S alone, miR-200a in combination with T35S did not significantly increase colony formation. miR-200a in combination with Y40C did not cause an increase in colony formation compared to Y40C alone. miR-200a caused a ~10-fold increase in cells expressing both E37G and miR-200a compared to cells expressing E37G alone. Fully active Ras formed more colonies than any of the effector mutants alone or combined with miR-200a, indicating that while miR-200a synergizes with the E37G mutant to transform MCF10A cells, these two hits do not completely recapitulate the full effect of Ras. We measured cell cycle progression in MCF10A cells expressing Ras effector mutants alone or in combination with miR-200a ( Figure 3D ). T35S significantly decreased G 1 phase arrest, but when miR-200a was added, the effect was ablated. Y40C alone or in combination with miR200a did not show any change in cell cycle progression, consistent with the lack of effect on colony formation. E37G alone induced a small but significant increase in G 1 phase arrest. However, E37G in combination with miR-200a significantly decreased G 1 phase arrest, compared to both vector control and E37G alone, indicating that miR-200a induction of cell cycle progression contributes to its cooperation with RalGEF signaling.
We next analyzed the three dimensional growth in Matrigel of MCF10A cells expressing E37G Ras effector mutant alone and in combination with miR-200a to determine changes in structure and apoptosis ( Figure 3E ). Cells expressing E37G Ras mutant alone formed regular, round acini with hollow lumen, but had lower levels of cleaved caspase-3 than the vector control. When miR200a was added, cells expressing E37G Ras mutant formed large, irregularly shaped structures with tightly packed cells and diffuse E-cadherin staining; punctate cleaved caspase-3 was visible throughout the structures, along with apoptotic cells; however, no lumen clearance was observed. Cleaved caspase-3 levels did not appear dramatically different between cells expressing E37G alone and cells expressing E37G in combination with miR-200a, indicating that miR-200a does not enhance the inhibition of apoptosis by RalGEF signaling; however, structures formed when miR-200a was expressed with E37G were much larger than E37G alone, indicating that miR-200a disrupts proliferation and growth regulation of acini. Figure 4A ).
miR-200a stimulates Akt and suppresses p53
In MCF10A cells stably expressing miR-200a through viral transduction ( Figure 4B ), Fog2 was downregulated and Akt phosphorylation was elevated; however, Pten expression and Erk phosphorylation appeared to be unaffected. Doxorubicin treatment resulted in moderate p53 downregulation (though p53 phosphorylation was elevated) in control cells. We speculate that prolonged drug selection and/or viral infection could evolve cells to adapt a mechanism that may inhibit p53 upregulation by doxorubicin. Nonetheless, miR-200a downregulated p53 protein expression without doxorubicin treatment (comparing lane 3 to 1; right panel, Figure 4B ) or with treatment (comparing lane 4 to 2), reaffirming the efficacy of miR-200a-mediated p53 suppression.
miR-200a synergizes with the RalGEF signaling pathway to induce tumorigenesis
We subcutaneously injected nude mice with MCF10A cells expressing miR-200a in combination with the T35S mutant or with the E37G mutant and histologically analyzed resulting tumors (54) . MFC10A cells expressing miR-200a in combination with the E37G mutant were the only cells that formed tumors ( Figure 5A and B) . Transformed MCF10A cells recapitulate human proliferative mammary disease in subcutaneous tumors in nude mice (46) ; thus, we stained tumor sections with H&E and histologically examined them for abnormal tissue structures ( Figure 5C ). All tumors were well vascularized, regardless of size ( Figure 5C ), and duct formation was either absent ( Figure 5E ) or severely abnormal ( Figure 5D ). Defined structures of dense connective tissue were present with intermittent sections of loose connective tissue that infrequently contained small structures resembling ducts, but without regular epithelial lining ( Figure 5D ). The highly irregular tissue structure and loss of normal duct formation resembles the histology seen in human breast cancer. (56) (57) (58) (59) . We have demonstrated that miR-200a transforms RK3E cells and augments Ras transformation of immortalized human MCF10A cells while suppressing Fog2. This is consistent with a study demonstrating that activated PI3K complements Ras activation in transformation of human mammary epithelial cells (60) .
miR-200a alone significantly increases cell proliferation and cell cycle progression, yet adding Ras does not increase this further, indicating that Ras may activate PI3K/Akt signaling to high levels that cannot be further enhanced by miR-200a suppression of Fog2. Conversely, miR-200a in combination with RalGEF signaling causes a significant decrease in G 1 cell cycle arrest compared to RalGEF alone, indicating that miR-200a induction of cell cycle progression, rather than inhibition of apoptosis, is important for cooperation with RalGEF signaling. miR-200a alone does not decrease cleaved caspase-3 levels in the lumen of acini, despite suppression of p53 and inhibition of apoptosis by miR-200a (26) . Although lumen formation is curtailed when Ras is expressed alone, cleaved caspase-3 staining is not ablated, indicating that increased proliferation, rather than loss of apoptosis alone is responsible for the lack of lumen clearance in MCF10A acini with Ras activation. However, when Ras and miR-200a are expressed together, cleaved caspase-3 levels decrease dramatically, indicating that miR-200a synergizes with Ras to inhibit apoptosis. Loss of apoptosis is mechanistically supported by western blot analyses showing downregulation of p53 by miR-200a in MCF10A cells. p53 transactivational targets p21 and PUMA (p53 upregulated modulator of apoptosis) cooperate to modulate β-catenin expression and inhibit EMT (61, 62) . By repressing p53 expression, miR-200a may promote EMT through this pathway, lending support to its dichotomous role in cancer. In particular, repression of the p53 pathway in the context of increased Ras activity may enhance oncogenic signaling and cell transformation. miR-25, another p53-suppressive miRNA, is upregulated in multiple types of cancer (63) (64) (65) . Similar to miR-200a (30), miR-25 is overexpressed in breast cancer and is strongly associated with the high proliferation that marks lymph node-positive breast cancer (66) . The pathological overlap of miR-200a and miR-25 indicates the potential for functional integration of these p53-targeting miRNAs during tumorigenesis.
miR-200a cooperates with RalGEF
The Raf-Erk effector pathway is largely responsible for Ras-mediated transformation of murine cells (67, 68) , but not human cells; instead, the RalGEF effector pathway alone is able to recapitulate ~60% of Ras-induced transformation of human embryonic kidney cells, but is not able to induce tumorigenesis in vivo (69) . Consistent with this, our study shows that activation of the RalGEF pathway alone in MCF10A cells is unable to induce tumorigenesis. However, we showed that the combination of miR-200a overexpression and RalGEF pathway activation is enough to induce transformation and subcutaneous tumor formation in vivo. This effect is not seen when miR-200a is combined with mutants activating either the PI3K or the Raf/Erk pathways. miR200a overexpression alone is insufficient to induce colony formation or tumorigenesis, indicating that the combination of Akt activation and loss of p53 is not enough to effect transformation. Overall, this shows that miR-200a overexpression is sufficient to transform immortalized rat RK3E cells, but not immortalized human cells; furthermore, these data indicate that miR-200a activation of Akt and suppression of p53 cooperate with RalGEF signaling to transform immortalized human MCF10A cells and induce tumorigenesis ( Figure 6 ).
The dichotomous roles of miR-200a
miR-200a has a well-studied dichotomous role in cancer, and both its overexpression and downregulation have been associated with increased tumorigenesis (16, 70) , emphasizing the potential for context-specific signaling and pathway interactions. In particular, miR-200a has been shown to be dysregulated in pancreatic cancer (70, 71) . In one study, miR-200a was found to be expressed at high levels in early pancreatic neoplasms compared to normal controls (71) . Another study found that the miR-200a cluster is hypomethylated pancreatic tumors, leading to increased expression levels in the tumor as well as in circulation. Pancreatic cancer relies on overactive Ras signaling, and >90% of pancreatic cancers harbor activating K-Ras mutations (72) . miR-200a is also dysregulated in ovarian cancers, which frequently harbor K-Ras mutations that are associated with less aggressive versions of the disease (73) (74) (75) . Higher levels of miR-200a is reported in ovarian tumors compared to benign ovarian cysts, and when further stratified, higher levels of miR-200a were seen in non-metastatic tumors versus metastatic tumors (74) . This is ( Figure 6 ). On one hand, miR-200a inhibits EMT to prevent metastatic dissemination (16) . On the other hand, miR-200a is upregulated in invasive forms of breast cancer and may promote metastatic colonization (22, 30) . Our data support the oncogenic role of miR-200a during cancer initiation, illustrating the dichotomous nature of miR200a in cancer.
In summary, our results show that miR-200a enhances Rasmediated transformation of human cells. This is the first study that delineates miR-200a's function in Ras-mediated cell transformation. We also show that miR-200a synergizes with the RalGEF-activating E37G Ras effector mutant to transform MCF10A cells and induce tumorigenesis in vivo, providing mechanistic insight into this dichotomous miRNA. By determining that cooperation with RalGEF is necessary for miR-200a-mediated transformation, we have illuminated a new, specific role for miR-200a in cell transformation by activating Akt and suppressing p53. Future studies examining the concomitant genetic changes occurring during cell transformation will reveal the role of miR-200a in cancer initiation and bespeak its translational potential.
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